Coordination bonding is one of the most attractive interactions for the construction of nanometer-sized molecules with a view to achieving catenation, dumbbell-shaped molecules, guest encapsulation, and other static and dynamic phenomena. [1] [2] [3] [4] [5] [6] [7] [8] To reveal the structure of a coordination complex and the functionality, such as molecular recognition, catalytic or selective reaction in an assembled complex, analytical techniques have been developed and applied, such as NMR spectroscopy, X-ray analysis, and other spectroscopic approaches. However, due to the weak coordination interaction of these labile complexes, conventional mass spectrometry (MS) is not suitable, even if soft ionization, such as electrospray ionization (ESI), is used. 9, 10 Cold-spray ionization (CSI) at low temperatures from 40 to -50 C has made it possible to observe labile coordination species without inducing any dissociation. CSI-MS has been applied to several unstable compounds, Grignard reagents, 11 host-guest molecules, [12] [13] [14] multiply stranded DNAs, 15 and other unstable biological compounds. 16, 17 A porous coordination complex was provided based on the ligand shape and the geometry of the coordination site. Metal-organic porous materials, which are mainly categorized as metal-organic frameworks (MOFs) and coordination polymers (CPs), are generally obtained by hydrothermal synthesis and the diffusion method, respectively. [18] [19] [20] After a porous material is synthesized, its structure is determined by powder or single-crystal X-ray structure analysis. However, the coordination species, which is initially soluble, but grows to become insoluble CPs, has not received any attention for a long time. In a recent study, the crystallization of MOFs was kinetically controlled and investigated by time-resolved in situ X-ray scattering. 21 Although this analytical method yielded a part of the metal-organic structure by comparing with several known structures, the polymerization process of the coordination species in solution, which is called a "coordination oligomer," is still unclear. In addition, it was shown that mass spectrometry could follow a part of the reaction pathway in solution by analysis of the polymer condensates. 22 In our previous study, we were able to observe an organic network structure with hydrogen bonding over 10-mer in solution by CSI-MS, and to confirm its network structure accommodated into a crystal. 23, 24 In this work, we compared crystalline CPs with a coordination compound in solution to investigate the coordination behavior. Cu(I) iodide was selected as a metal that potentially has two competitive weak interactions: coordination bonding and the metal-halogen interaction. Although Cu(I) iodide is a widely used catalyst for the 1,3-dipole cycloaddition reaction to obtain multiply substituted 1,2,3-triazole, 25 tetrahedral CuI easily gives a 1-D chain cluster via the metal-halogen interaction. 26 The complexation of an organic ligand having multiple nitrogens with the copper metal potentially yields several coordination compounds. In addition, the two competitive weak interactions furnish highly complicated pathways for the construction of CPs. We analyzed a soluble coordination oligomer by CSI-MS, and discuss herein the correlation between the coordination oligomer in solution and the crystalline polymer in the solid state.
The complexation of organic ligand 1, 4,7-phenanthroline, and Cu(I) iodide in an acetonitrile solution by a liquid-liquid diffusion method gave a red prism crystal that appeared within a few minutes (Fig. 1a) . Single-crystal X-ray structure analysis (see Supporting Information) clearly revealed two different 1-D chain structures, as shown in Fig. 1 . In one chain structure, the nitrogen of ligand 1 is coordinated to the copper of CuI to form structure I, a CuI-1 chain [CuI(1)]n (Fig. 1b) . The distances between the two nitrogens of ligand 1 and the copper ions are 2.024 and 2.063 Å, exhibiting good agreement with the general N···Cu coordination length. The tetrahedral coordination of Cu···I with a couple of Cu and I atoms furnished another 1-D chain structure to form structure II, [CuI]n (Fig. 1d) . Cu···I lengths of 2.706, 2.639, and 2.670 Å (Fig. S1 , Supporting Information) are in good agreement with the previously reported Cu···I length, 27 and a π-π interaction is noted between two adjacently located ligands 1 within 3.4 Å in the crystal (Fig. 1e) Coordination polymer (CP) formation is an unexplored area in weak-interaction chemistry due to the difficulty of monitoring the coordination process. By using cold-spray ionization mass spectrometry (CSI-MS), several kinds of coordination compounds were detected when CuI metal and the 4,7-phenanthroline organic bridged ligand were mixed in solution. The observed ion peaks could be reasonably and simply assigned to various combinations of the metal and the ligand without any fragmentation. 
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as positive +1 charge in the range of m/z 400 to over 2500 (Fig. 2) . The molecular ion peaks listed in Table 1 were assigned to simple combinations of CuI and ligand 1 within 7 ppm error over the whole range. The results indicated that there were many kinds of coordination complexes in solution. For example, the ion peak of m/z 423.0 was assigned to [Cu(1)2] + , where two ligands 1 occupied two positions of the copper tetrahedral coordination site. Moreover, its isotope pattern was identical with the calculated one, as shown in the inset of Fig. 2 . A unique pattern was derived from the copper atom, 63 Cu: 65 Cu = 100:44.6. Similarly, the isotope patterns of the other ion peaks also showed good agreement with their calculated ones in Fig. 2 , and the ion peaks were combinations of (m, n) in [Cu(CuI)n(1)m] (m and n are integers). The results are summarized in Table 1 and Tables S1 and S3 (Supporting  Information) . The ease of assignment was attributed to the CSI method. In fact, ESI-MS gave more molecular ion peaks than CSI-MS, and only an inorganic compound was observed in the negative ion detection mode (Fig. S2 and Table S2 , Supporting Information).
We then focused on the relationships among the observed coordination complexes. Up to m/z 1000, four types of coordination species were formed from various combinations of CuI and ligand 1. The observed coordination species were obtained by adding a specific ligand or metal. For example, the molecular ion peak m/z 612.90 was ascribed to [Cu(CuI) (1)2] and the next larger molecular ion peak m/z 804.73 was [Cu(CuI)2 (1)2] as an adduct of CuI, although [Cu(CuI) (1)3] was not observed. From m/z 1700 to 2400, the addition of a specific ligand or metal was clearly observed in the form of a large cluster.
Similarly, we found two trends in the observed coordination oligomers: one was a CuI-rich coordination oligomer, and the other was a ligand-rich one. The two trends were probably independent, because no possible direct exchange or addition was observed from their stoichiometric formulas.
The coordination oligomer between the two trends, such as the combination of (2,3), (3, 4) , or (4, 5) for [Cu(CuI)n(1)m] in Table S1 , was not detected. As stated earlier, two interactions were involved in the construction of CPs in this system: coordination bonding and halogen-metal interaction. CSI-MS can detect many kinds of coordination oligomers in solution in order to discuss oligomer formation trends. In general, polymer solubility is decreased as the number of repeating units is increased. The solubility of CPs was decreased when the numbers of metals and ligands were increased. Therefore, these coordination oligomers observed in solution are important to discuss the formation of CPs. The observed coordination species in CSI-MS could correspond to a part of the structure for CP, or a precursor of crystalline CPs. From this analysis, we suggest that CSI-MS may be used to identify a part of CP to detect a soluble coordination oligomer prior to crystallographic analysis. Generally, NMR is used to characterize the structures of coordination compounds in solution. In the case of CPs, a NMR measurement was also applied to the filtrate of the crystallization solution (Fig. S3, Supporting Information) . However, no significant structural information was obtained, possibly due to the insolubility of the coordination product and the low solubility of the coordination oligomer.
In conclusion, a coordination polymer having two different 1-D structures was obtained by mixing ligand 1, 4,7-phenanthroline, and Cu(I) iodide by the liquid-liquid diffusion method. After crystallization, single-crystal X-ray analysis gave structural information about the coordination polymers. Although tiny cluster ions, possibly formed during ionization process, were observed, CSI-MS could well detect soluble coordination species that were separated into the ligand-rich type and the CuI-rich type, based on coordination bonding and the halogen-metal interaction. As the polymer grew, its solubility decreased. We believe that elucidating of the solution structure of a coordination polymer by CSI-MS is useful for creating complicated coordination polymers and metal-organic frameworks with interesting functionalities.
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